Abstract. Focusing a hard X-ray beam would represent an innovative technique for tumour treatment, since such a beam may deliver a dose to a tumour located at a given depth under the skin, sparing the surrounding healthy cells. A detailed study of a focusing system for hard X-ray aimed at radiotherapy is here presented. Such a focusing system, named Laue lens, exploits X-ray diffraction and consists of a series of crystals disposed as concentric rings capable of concentrating a flux of X-rays towards a focusing point. A feasibility study regarding the positioning tolerances of the crystalline optical elements has been carried out. It is shown that a Laue lens can effectively be used in the context of radiotherapy for tumour treatments provided that the mounting errors are below certain values, which are reachable in the modern micromechanics. An extended survey based on an analytical approach and on simulations is presented for precisely estimating all the contributions of each mounting error, analysing their effect on the focal spot of the Laue lens. Finally, a simulation for evaluating the released dose in a water phantom is shown.
Introduction
The physics of radiation therapy has advanced considerably since it was proposed. The concept behind radiotherapy is that ionizing radiation can deliver a dose to a cancerous tissue, leading to cellular death. The most accredited tumoural therapy based on radiation is probably the hadron therapy, which uses ions accelerated through a synchrotron or a cyclotron (Newhauser and Zhang 2015) . Hadron therapy is a technique that guarantees a very high precision in the dose delivery, since the depth-dose curve released by a hadron beam is described by the Bragg curve, which is characterized by a sharp peak near the stopping point of the hadron beam trajectory (Lilley 2001) . Indeed, a high part of the beam kinetic energy is delivered near the stopping point, where the tumour is located. Thus, a precise dose can be delivered to a tumour, while a very low dose is imparted to the surrounding tissues. An alternative and very promising method for cancer treatment is based on focusing an hard X-ray beam towards a tumour mass to obtain the same effect of hadron therapy. Different groups around the world are investigating methods for concentrating X-rays for radiotherapy (Abbas et al. 2014; Figueroa and Valente 2015; Burshtein et al. 2013) . In these studies, it has been found that a focused hard X-ray beam is capable of imparting a dose to a tumour mass sparing the neighbouring healthy tissues. An advantage of this approach is that an X-ray beam is more accessible with respect to an hadron beam because X-rays can be produced using a compact and more economic X-ray tube, which is a technology largely diffused and potentially available in all the hospital establishments.
Among the different techniques for focusing a hard X-ray beam, a promising approach relies on the use of a Laue lens (Smither 1982; Lund 1992) . A Laue lens consists on an ensemble of crystals arranged in such a way that as much radiation as possible is focused towards a focusing point through Bragg diffraction. A scheme based on a Laue lens for radiotherapy is shown in figure 1 .
In Paternò et al. 2015 the concept of Laue lens for radiotherapy was introduced, highlighting the principles for obtaining a focused hard X-ray beam and showing the dose distribution achievable using such a method. In particular, it was shown that a convergent beam leads to a depth dose profile with a sharp peak localized at the focus, which may result in a high precision of the dose deposition. The system could be exploited for irradiating both sub-cm and larger tumours efficiently. In the former case, a single irradiation of a few seconds with a convergent beam could be sufficient. In the latter case, a scan of the beam is required. In this case, a linear scan accompanied by a rotation of the beam might be exploited to avoid the delivery of a superficial dose too high with respect to the dose given near the focus.
A Laue lens for radiotherapy is constituted by hundreds of mm-sized optical elements that require a positioning precision typical of micromechanics. Here, a detailed analysis of the requirements and tolerances for a working Laue lens is shown. The study is based on an analytical approach and on a series of simulations. In particular, a detailed analysis of the photon distribution on the focusing plane is presented. A study on the effect of mechanical mispositioning and misalignment of the optical elements is shown, highlighting the feasibility of a Laue lens. We considered a Laue lens based on curved crystals, which are crystals capable of diffracting X-rays with very high efficiency and a controlled energy pass-band. However the treatment here reported holds true also with other types of optical elements, such as mosaic crystals.
Theory

The "Laue peak"
A Laue lens is an optics capable of focusing an incoming X-ray beam towards a small spot with a controlled energy pass-band. The concept of radiotherapy assisted by a Laue lens consists on positioning the target volume at the focusing point of the lens, i.e. at a distance L S from the lens. Indeed, if a quasi-monochromatic X-ray beam with energy E is focused at a depth z f inside a tissue, the photon fluence φ(z) can be expressed as the product of two functions. The first one takes into account the variation of the beam cross-section with the penetration depth due to focusing, and in the case of ideal focusing shows a singularity at the focusing point z f . The second function is a decreasing exponential due to tissue attenuation. The result of the product is:
where φ(0) is the value of the photon fluence at z = 0 and µ is the total attenuation coefficient. Equation (1) is illustratively plotted in figure 2. In particular, figure 2 shows the singularity of the photon fluence at the focusing point z = z f , which is due to the perfect focusing of the X-ray beam. If a real optics is used, the singularity disappears and a sharp peak arises in its place. Hereinafter, such a peak will be named "Laue peak", since it is obtained using a Laue lens and it is similar in concept to the Bragg peak, typical of the hadron beam, even if the physics behind the two phenomena is different. Notice that here the similitude is only qualitative. Indeed, the "Laue peak" originates by a geometrical principle, linked to the variation of the beam cross section due to focusing, modifying the fluence. On the other hand, the Bragg peak is linked to the energy deposition of a hadron beam. However, for both cases the delivered dose can be concentrate in a precise point under the skin.
Since under charged-particle equilibrium condition the absorbed dose is proportional to the photon fluence, the depth-dose profile shows the same behaviour of the fluence, that is:
where E is the photon energy, µ en the energy-absorption coefficient, and ρ the tissue density. Conventional radiotherapy is based on MeV X-ray beam obtained through a LINAC, because for such energies the maximum released dose lies a few cm under the skin. On the other hand, a system based on a Laue lens is capable of focusing a high flux of hundred-keV photons in a small region of space located at a given depth, while the dose imparted to the skin is low. Thus, since the photons that can be focused by a Laue lens are in the region of sub-MeV energy, a system based on a Laue lens can be based on a common X-ray tube.
Laue lens concepts
A Laue lens is composed of crystals arranged as concentric rings capable of deflecting the impinging photons through Bragg diffraction. Bragg's law is 2d hkl sinθ B = λ, where d hkl is the spacing between atomic planes of the diffracting crystal, hkl the Miller indices that define the crystalline plane, θ B the Bragg angle, and λ the wave length of the radiation. Since the energy of such photons has to be several tens of keV at least to penetrate the tissues, the diffraction angle turns out to be small, of the order of 1
• . As a consequence, X-ray diffraction of such highly energetic photons is usually performed with the beam traversing the crystal and exploiting the internal crystallographic planes; this is the so-called Laue geometry.
As can be seen in figure 1 , the Laue lens is located at a distance L S from the source. The beam is diffracted by the lens and focused towards the tumour mass, positioned at the same distance L S from the lens. The tumour mass is found at a depth L S − L p under the skin.
The photons emitted by the X-ray tube (the source) that are not focused by lens, i.e. the photons that do not impinge on the crystals and those that impinge but do not undergo diffraction, have to be stopped by a suitable collimation system to avoid harming the patient. The collimation system could be composed by a beam stopper positioned just before the central part of the lens and a collimator positioned just before the patient. Given a source spectrum at 100 keV, a 5 mm-thick lead absorber would suppress the non-focused beam reaching the patient. A conical metallic applicator, coupled with the X-ray tube enclosure, could hold both the beam stopper and the collimator.
There are two key features that permit X-ray beam focusing: the diffraction capability of the optical elements (the diffracting crystals) and the precise arrangement of the optical elements themselves. The first issue is currently studied by the scientific community working on X-ray manipulation. Several types of crystals have been proposed so far to be used as optical elements for hard X-ray diffraction (Camattari 2016) . Here, we analyse the case of a Laue lens composed of curved diffracting planes (CDP) crystals. However, the study shown in the next sections concerning the effects of crystal mispositioning and misalignment is also valid for the case of mosaic and quasi-mosaic crystals .
A CDP crystal is capable of diffracting an X-ray beam within a precise energy band with very high efficiency (Bellucci et al. 2011) . In particular, the diffraction reflectivity for a CDP crystal (η CDP ) is given by (Malgrange 2002) :
where T 0 is the crystal thickness traversed by radiation, Ω the bending angle of the CDPs, and Λ 0 the extinction length as defined in Authier (2001) for the Laue symmetric case. A schematic representation of a crystal positioned in a generic lens ring is shown in figure 3 .
The photon distribution -due to the entire Laue lens -on a plane at a given distance from the lens results to be the sum of the contributions of all the crystals that constitute the lens. The size of the spot at the focal distance L S from the lens depends on the size of the diffracting crystals and on the proper positioning and alignment of the crystals. According to the Bragg's law and under small angle approximation, the diffracting angle θ B is inversely proportional to the photon energy, and the radius of a ring (r) can be written as follows:
where h is the Planck's constant, c the speed of light in vacuum, and E the photon energy. Thus, once fixed the beam energy and the crystal features, equation (4) gives the value for the ring radius r to obtain the focusing of the diffracted photons. A Laue lens in capable of diffracting a quasi monochromatic X-ray beam towards the focusing plane. Notice that the photons with energy outside the nominal energy band-width of the Laue lens cannot be diffracted, since the Bragg condition is not satisfied. In order to focus a different photon energy using the same Laue lens, L S has to be changed in accordance with equation (4).
Some severe tolerances regarding the positioning and the alignment of the optical elements must be observed for obtaining a not blurred focal spot. This issue is particularly complex, since the optical elements are small, with sizes that are those typical for micromechanics. Indeed, a blur of the focal spot would lower the precision of the dose delivery, thus worsen the performance of radiotherapy based on a Laue lens.
Here, the effect of each mounting error is analytically discussed, namely three rigid translations and three rigid rotations. The used notation is shown in figure 3 and figure 4. photons ∆E with respect to the nominal energy E according to the following equation (see Appendix A):
where r is the radius of the ring where the crystal is placed. A misposition of an optical element along the y direction, that is the tangential direction with respect to the ring, produces a shift of the crystal image at the focusing plane that is twice the misposition itself. Thus,
where ∆y is the misposition of the crystal along the y-axis, and ∆spot y the shift of the centre of the crystal image on the focusing plane along the y-axis. Finally, a crystal misposition along z results in an energy shift (∆E) of the diffracted photons and in a shift of the image (∆spot x ) on the focusing plane along the x-axis:
Since L S >> ∆z, a mispositioning of an optical elements along the z-axis does not have severe consequences.
Crystal misalignment
The effects of crystal misalignment are here studied. The angle of misalignment around x, namely ∆φ x (see figure 4c), does not produce any aberration to the focal spot, because the diffracting planes are invariant under rotation around x. The alignment of a crystal around y (see figure 4a ) is the strongest constraint. A misalignment ∆φ y around the y-axis results in a shift of the diffracted energy and in a displacement of the diffracted image along the x-axis as follows (see Appendix B):
The alignment of the crystals along z (see figure 4b ) is a weaker constraint. Indeed, ∆φ z would not cause any energy shift, while the image of the crystal at the focusing plane would change as:
where r is the radius of the ring.
Simulations
The consequences of crystal misalignment and mispositioning were simulated to estimate their effect on the photon distribution at the focal plane. As an illustrative case, we simulated a Laue lens for radiotherapy purpose, optimized for focusing an X-ray beam with an energy centred at 70 keV. Such a focused X-ray beam can be used for penetrating up to 10 cm under the skin. However, the same Laue lens can be also used for different beam energies. Indeed, from equation (4), the radius of a generic ring of crystals results to be fixed by the lens-to-source distance L S . Changing the energy would lead to a proportional variation of L S . In other words, a Laue lens designed to work at a certain energy would also work for other energies, provided that L S changes accordingly. A divergent X-ray beam emitted by a point source and with a flat energy range of 70±5 keV was simulated. A single ring Laue lens was considered because considering more rings would include design issues that are not the purpose of this paper; moreover, considering more than one ring would complicate the understanding of the effects of crystal misalignment and mispositioning, because several effects would overlap. The ring radius was fixed at 20 mm. Silicon was chosen as diffracting crystal because it is a crystalline material that shows very high diffraction efficiency for this photon energy. The largest surface of the tiles was oriented with (111) Miller indices, because this is the crystallographic orientation that features the highest diffraction efficiency. The focus of the lens, i.e. L S , turned out to be 707.83 mm to satisfy equation (4).
CDP crystals have been simulated. In order to obtain crystals featuring CDPs, a promising technique could be the sandblasting method (Camattari et al. 2017) . Indeed, it was demonstrated that sandblasting a crystal through a flux of abrasive material produces on the surface of the crystal itself a thin damaged layer that behaves as a tensile film, allowing the precise curvature of the substrate. In fact, this method allows to obtain homogeneous and self-standing CDP crystals with a fast and economical procedure. It has been demonstrated that, using the sandblasting technique, crystals with 1 mm of radial size (x direction in figure 3) can be bent down to a radius of curvature of R = 20 m, which is a value that allows high diffraction efficiency. Notice that T 0 /Ω = R for equation (3).
The crystals are arranged in a ring. The crystal tangential length was chosen equal to 2 mm, since it is a good compromise between space constraint and manageability. As a consequence, the single ring resulted to be filled with 55 crystals. The crystal thickness traversed by radiation (T 0 in equation (3), z direction in figure 3 ) has to be chosen for maximizing the integrated efficiency of the lens, namely the diffracted photon flux over the photon flux that impinges on the optical elements.
The function that has to be maximized for the integrated efficiency of a Laue lens has to take into account the reflectivity of the crystals (η), the angular acceptance (Ω), and the spectral acceptance (B). Notice that the angular acceptance for a CDP crystal is equal to its bending angle. Thus, the integrated efficiency can be written as ηΩB, where it can be demonstrated that the spectral acceptance of a crystal is
where L rad is the radial length of the crystal. Since
> Ω, B mainly depends on the radial length L rad . Here we simulated crystals with T 0 = 5 mm, which is a good trade-off between integrated efficiency and simplicity of manufacturing.
The whole system is considered inside a volume of air. The air absorption was neglected for these simulations. However, it is very low (less than 3%).
Results and discussion
The simulated Laue lens was designed using the LaueGen software (Camattari and Guidi 2014) , which is a specific algorithm for developing optimized Laue lens. The Laue lens is shown in figure 5 and all its features are listed in table 1. Subsequently, the lens performances were simulated using an ad hoc Monte Carlo code, named Carl, developed for tracking an X-ray beam that interacts with a Laue lens. This program allows to manage X-ray source with arbitrary size and energy band, and Laue lenses with any type of diffracting crystals, misalignment, and mispositioning ‡. ‡ The code has been developed using the Mathematica language. For more information, please contact the author. Every simulation was divided in two steps: first, the X-ray beam diffracted by a single crystal was considered (the red crystal in figure 5) ; then, the photon distribution due to the whole ring was recorded.
Initially, the optical elements were simulated as perfectly positioned on the Laue lens. Subsequently, the same Laue lens was simulated by disposing the optical elements randomly mispositioned and misaligned. The mounting errors were distributed following a normal distribution. The values of standard deviation of the mounting errors used for the simulation are listed in table 3.
We chose 0.1 mm for the misposition errors and 10 mrad for the misalignment errors as indicative values for obtaining a sufficiently focused spot. ∆φ y is the strongest constraint for the mounting process because it influences the angle of diffraction, thus it strongly affects the position of the diffracted photons at the focal plane. Thus, it was set at 0.5 mrad, because larger values would lead to an excessive defocusing of the diffracted photons.
A beam of 10 6 photon was generated from the source (z = −L S ) to impinge on the crystals of the Laue lens (z = 0). Then, the photons were tracked up to the focusing plane, recording their position at z = L S . The simulated photon distribution at the focal plane obtained with Carl is shown in figure 6 .
Each crystal diffracts the incident photons towards the focal plane of the lens. The image of every single crystal at the focal plane consists in a thin line, with its length being equal to twice the tangential length of the crystal (y direction in figure 3 ). In particular, every crystal contributes to the photon distribution at the focusing plane with a rectangle 0.1 × 4.0 mm, as can be seen from the plots on the left of figure 6 . If all the crystals are lighted by the X-ray beam, all the rectangles superpose, forming a peaked spot at the focal plane.
The overall focal spot shows a circular shape with radius equal to the crystal tangential side. A focal spot of a few mm could be reasonable for radiotherapy for small tumors. This parameter is very important; it is strongly dependent on the tumour size to be treated. The focal spot can be enlarged by increasing L tan of the diffracting crystals. Moreover, a scanning procedure to irradiate the whole tumour volume can be used.
If all the mounting error of table 3 are considered, the peak blurs; however, the focusing effect of the Laue lens is still acceptable, since all the photons are encircled in and R 90 are listed in table 2 for the case of optical elements perfectly aligned and for the case of mounting errors. For both the cases, the 50% of the photons are included in a circle of radius of 1 mm, and the 90% of the photons are included in a circle of radius of 2 mm. The mounting errors used in the simulations were included one by one in further simulations for better estimating their individual contribution. The effects of every misposition errors are shown in figure 7, while the effects of the misalignment errors are shown in figure 8. All the effects of the single mounting error are summarized in table 3. These values can be found also using the formulae listed in section 2.
As can be seen in figures 7-8 and as can be calculated using the formulae of section 2, the most critical errors are the misalignments ∆φ y and ∆φ z . Thus, other simulations were performed for studying the blurring of the photons diffracted towards the focal plane as a function of ∆φ y and ∆φ z . In particular, the optical elements were misaligned by gradually increasing the values of ∆φ y or ∆φ z , respectively. Then, the radius of the circles where 50% or 90% of the focused photons are inscribed were calculated. The results are shown in figure 9 . Notice that the results obtained here highly depend on the distribution of the crystal misalignments, which is a normal distribution. However, the increasing of the focal spot as a function of the misalignments is clearly visible.
The strongest constraint for the photon focalization turned out to be ∆φ y . As can be seen by equation (8), this misalignment error also depends on the photon energy. Thus, a simulation for evaluating the spot blur as a function of the photon energy was worked out. In particular, the optical elements were misaligned around φ y following a normal distribution. The standard deviation of the distribution was chosen equal to 0.5 mrad as for the simulation of figure 8 (second row) . The photon energy was in the figure  5 , mispositioned of 1 standard deviation. The plots on the centre are generated by considering the entire ring, with the mounting error being normally distributed. The plots on the right are the histograms of the photon distributions at the focal plane, with the bin width being 0.1 µm. Figure 8 . Photon distribution at the focal plane for the case of misaligned optical elements; (first row): ∆φ x ; (second row): ∆φ y ; (third row): ∆φ z . The plots on the left represent the contribution of a single crystal, namely the red crystal in figure  5 , misaligned of 1 standard deviation. The plots on the centre care generated by considering the entire ring, with the mounting error being normally distributed. The plots on the right are the histograms of the photon distributions at the focal plane, with the bin width being 0.1 µm. range 50-110 keV. Also for this case, the radius of the circles where 50% or 90% of the focused photons are inscribed were calculated. The result is shown in figure 10 .
As can be seen, an increase of the photon energy causes an increase of the photon spot at the focal plane. However, the effect is small and does not deteriorate too much the lens performance.
Released dose simulation
The dose distribution inside a voxelized water phantom was simulated using GAMOS, a GEANT4 wrapper. GEANT4 is a general purpose Monte Carlo code for particle tracking inside matter (Agostinelli et al. 2003; Allison et al. 2006) . GAMOS was chosen because it allows the user to define the geometry of the system, the particle generator, the physics list, and the required output information in a single script. Then, the core of the program instantiates the GEANT4 classes required to perform the simulation. The phantom was described by exploiting the GmSimplePhantomGeometry command. The size of the water phantom was 20.0×20.0×200.0 mm, which was divided into 160000 cubic voxels having a volume of 0.5×0.5×2.0 mm 3 each. 10 6 focused photons were considered to obtain a good statistical significance of the calculated dose per voxel. In particular, the simulated photons correspond to the photons that are focused by the Laue lens and have been obtained with the Carl code. The water phantom was set at a distance of 657.83 mm from the lens to obtain that the focus of the lens is at a depth of 50.0 mm inside the water phantom. The PENELOPE (Baro et al. 1995; Sempau et al. 1997 ) physics lists for photons, electrons, and positrons were used for the our simulation.
Two case have been studied, namely the Laue lens with the optical elements disposed without mounting errors (figure 6, first row) and the Laue lens with the mounting errors of table 3 (figure 6, second row).
Figures 11a and b refer to the Laue lens with the optical elements disposed without mounting errors, whereas figures 11c and d refer to the mounting-error case. In particular, figures 11a and c show the dose distribution at the focus plane, figures 11b and d show the dose distribution in the plane x = 0.
As can be seen, for the aligned case the dose peak turned out to be well-localized around the focal depth, while the surrounding regions receive a lower dose. On the contrary, the mounting-error case shows that the quality of the focusing spot deteriorates. However, also for this case, the highest dose is delivered at a localized zone around the focal depth. Figure 12 shows the cross profiles of the released dose as a function of y (fixing x = 0) for three different depths inside the water phantom, namely z = 0 mm (the phantom surface), z = 5 mm (the focusing plane), and z = 10 mm. The values of uncertainty of the estimated dose are highlighted.
As can be seen, the maximum dose is obtained at the focusing plane for both the cases. However, the case of misaligned Laue lens shows a high dose also at small z. In order to increase the ratio between the released dose at the focus and the dose released at the skin it is mandatory to consider a Laue lens made of several rings.
Conclusions
All the possible mounting errors of the optical elements of a Laue lens have been studied. In particular, the mispositioning and the misalignments of the crystalline optical elements were simulated, highlighting their effect at the focusing plane. It turned out that a misposition along the x and the z direction have practically no effect, while a misposition of the optical elements along the y direction produces a blur of the spot at the focusing plane. The misposition ∆ y should be lower that 0.1 mm. Regarding the misalignment mounting errors, a crystal misalignment around x, namely ∆φ x , has no effect on the focal spot, because the diffracting planes are invariant under rotation around x. On the contrary, ∆φ z and above all ∆φ y are the strongest constraints for obtaining a working Laue lens. A detailed study regarding these latter two misalignment tolerances is here presented, highlighting that ∆φ z should be lower than 10-20 mrad, while ∆φ y should be lower that 0.2-0.4 mrad. Finally, the photon distribution at the focal plane turned out to be small influenced by the photon energy.
Within these error values, a focal spot that includes 50% of the photons can be included in a circle of radius of about 1.2 mm; if 90% of the signal is considered, the radius turns out to be 2.1 mm. These are values that may be reasonable for radiotherapy, since a spot of a few mm is sufficiently narrow for treating small pathologies with a single irradiation, and sufficiently large for performing a scan in a reasonable amount of time to treat an extended tumour (Paternò et al. 2015) .
It is worth noting that a low and controlled level of crystalline misalignment is even useful. Indeed, due to the diffraction feature of hard X-rays in crystals, the photon distribution at the focal plane is not uniform in case of perfect alignment and shows a pronounced peak near the focus (see the first line of figure 6). If a Laue lens with a few rings of crystals is considered, as is required in order to have a photon flux useful to effectively irradiate a tumour mass, a certain degree of crystalline misalignment would lead to a more uniform focal spot, making it easier to treat extended tumours.
Since the ring radius r of a Laue lens is proportional to the focusing distance L S (see equation (4)), the results shown in this paper are general and hold on also for different lens geometries and for different photon energy of the incident X-ray beam. Moreover, the results hold true also if the optical elements are mosaic crystals instead of CDP crystals.
The fraction of the X-ray beam that can be focused by a single-ring Laue lens could be low. For increasing the geometrical acceptance of a Laue lens, several rings have to be considered. Every ring must satisfy the equation (4), by adjusting the d-spacing and/or the material of the crystalline optical elements for each ring.
The ability to focus a nearly monochromatic X-ray beam within the energy range of hundreds of keV makes it possible to use a Laue lens in combination with metal nanoparticles to enhance the dose disposition in a tumour target (Hainfeld et al. 2008; Kwatra et al. 2013; Haume et al. 2016) . In this case, the effect of focusing would be boosted by the presence of high-Z nanoparticles in the target, increasing the energy deposition due to a higher production of photoelectrons and Auger electrons. Furthermore, the focusing distance L S , and therefore the mean energy of the focused X-ray beam, can be set to maximize the dose enhancement due to nanoparticles. 
and Bragg's law 2d hkl sin(θ B ) = hc E .
Reversing the equation, it follows θ B = arcsin hc 2d hkl E .
Thus tan arcsin hc
Taking into account that
it follows
Thus
By considering E * = E + ∆E and r * = r + ∆x, it follows (E + ∆E) 2 − hc 2d hkl 2 = hcL S 2d hkl 1 (r + ∆x) ,
Appendix B. Equation (8) Consider
If the optical element is misaligned around y of ∆φ y , the new Bragg angle θ * B turns out to be θ * B = θ B + 2∆φ y .
It follows
Since r * = r + ∆spot x , it is:
